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Mapping the strong interaction between Rydberg atoms onto single photons via electromagneti-
cally induced transparency enables manipulation of light on the single photon level and novel few-
photon devices such as all-optical switches and transistors operated by individual photons. Here,
we demonstrate experimentally that Stark-tuned Fo¨rster resonances can substantially increase this
effective interaction between individual photons. This technique boosts the gain of a single-photon
transistor to over 100, enhances the non-destructive detection of single Rydberg atoms to a fidelity
beyond 0.8, and enables high precision spectroscopy on Rydberg pair states. On top, we achieve
a gain larger than 2 with gate photon read-out after the transistor operation. Theory models for
Rydberg polariton propagation on Fo¨rster resonance and for the projection of the stored spin-wave
yield excellent agreement to our data and successfully identify the main decoherence mechanism of
the Rydberg transistor, paving the way towards photonic quantum gates.
INTRODUCTION
Rydberg excitations of ultracold atoms [1] are cur-
rently attracting tremendous attention because of pos-
sible applications in quantum computing [2–5] and simu-
lation [6–10]. One particular aspect is the realization of
few-photon nonlinearities mediated by Rydberg interac-
tion [11–14], enabling novel schemes for highly efficient
single-photon generation [15, 16], entanglement creation
between light and atomic excitations [17], single-photon
all-optical switches [18] and transistors [19, 20], single-
photon absorbers [21] and interaction-induced photon
phase shifts [22, 23]. Interacting Rydberg polaritons also
enable attractive forces between single photons [24], crys-
tallization of photons [25] and photonic scattering reso-
nances [26]. The above experiments and proposals make
use of the long-range electric dipole-dipole interaction be-
tween Rydberg atoms [27–31]. A highly useful tool for
controlling the interaction are Stark-tuned Fo¨rster reso-
nances, where two dipole-coupled pair states are shifted
into resonance by a dc [32] or microwave [33, 34] elec-
tric field. Fo¨rster resonances have been studied by
observation of dipole blockade [35], line shape anal-
ysis [36], double-resonance spectroscopy [37], excita-
tion statistics [38], and Ramsey spectroscopy [39, 40].
Recently, resonant four-body interaction [41] and the
anisotropic blockade on Fo¨rster resonance [42], and quasi-
forbidden Fo¨rster resonances [43] have been observed
and Fo¨rster resonances between different atomic species
have been predicted [44]. For Rydberg-mediated single-
photon transistors, the near-resonance in zero field for
specific pair states has been used to enhance the tran-
sistor gain [20], while in experiments on Rydberg atom
imaging [45, 46] an increase in Rydberg excitation hop-
ping has been observed on resonance [47].
In this work we use Stark-tuned Fo¨rster resonances to
greatly increase the interaction between individual pho-
tons inside a Rydberg medium. We achieve this by tuning
pair states |S(g), S(s)〉 containing two different Rydberg
S-states into resonance with |P (g), P (s)〉 pair states by an
electric field. We show that for gate and source Rydberg
states |50S1/2, 48S1/2〉 we can boost the performance of a
Rydberg single-photon transistor. When operated classi-
cally, we achieve G > 100, enabling high-fidelity detection
of single Rydberg atoms. This improved transistor can be
operated such that the gate photon is read out with finite
efficiency, reaching a gain G > 2. We develop theoreti-
cal models for the dynamics of Rydberg polaritons in the
presence of Fo¨rster resonances and the loss of coherence
due to photon scattering. Excellent agreement with our
experimental data is found. Finally, our all-optical probe
represents a novel approach for the high-resolution study
of the substructure of Fo¨rster resonances caused by fine
structure and Stark/Zeeman splitting of the |P (g), P (s)〉
pair states. We demonstrate this technique by resolving
the multi-resonance structure of the |66S1/2, 64S1/2〉 pair
state.
RESULTS
Experimental setup. Our experimental scheme [13,
19, 20, 45] is shown in Fig. 1a,b: by coupling the excited
state |e〉 and the Rydberg state |S(g)〉 with a strong light
field Ωg with detuning δg, a gate photon Eg is converted
into a Rydberg excitation inside a cloud of ultracold 87Rb
atoms. We then probe the presence of this gate excitation
by monitoring the transmission of source photons E cou-
pled via electromagnetically induced transparency (EIT)
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FIG. 1. High resolution spectroscopy of Fo¨rster resonances. (a) Tightly focussed source and gate beams (w0 = 6.2µm)
are overlapped with an optically trapped cloud of 2×104 87Rb atoms at 3µK (cylindrical 1/e dimensions L = 40µm, R = 10µm).
For each transistor operation the optical trap is shut off for 200µs. We perform 23 individual experiments in a single cloud,
recapturing the atoms in-between with minimal loss and heating. In-vacuum electrodes are used to apply the electric field. (b)
Level scheme for gate and source photons coupled to different Rydberg states, where 2Ω is the Rabi frequency of the control
field and 2γ is the decay rate of |e〉. (c,d) At certain electric fields (vertical dashed lines), the |S(g), S(s)〉 pair state is resonant to
pair states of type |P (g), P (s)〉. The enhancement of interaction between |S(g)〉 and |S(s)〉 manifests in peaking of the transistor
gain ( ). In (c), the fine structure of the involved P -states and the mJ -dependence of the Stark-shift result in the observed
multi-resonance structure. The blue solid line is a theoretical analysis of the full polariton propagation in the presence of the
gate excitation. The error bars are the standard error of the mean.
to the source Rydberg state |S(s)〉. Specifically, we use
(δg = 40 MHz) for efficient Raman absorption of the gate
photon in the experiments without retrieval, while we use
EIT based slow light techniques (δg = 0) for photon stor-
age in experiments with gate photon retrieval. At zero
electric field, the interaction between the |S(g), S(s)〉 pair
is of van der Waals type. The difference in electric polar-
izability between S- and P -states enables the shift of the
initial pair state into degeneracy with specific |P (g), P (s)〉
pairs, resulting in resonant dipole-dipole interaction. We
shift the Rydberg levels by applying a homogeneous elec-
tric field along the direction of beam propagation. Active
cancellation of stray electric fields is done with 8 electric
field plates in Lo¨w configuration [48], while the homo-
geneous field results from additional voltages V +, V − to
four electrodes (Fig. 1a).
Stark-tuned optical nonlinearities. We first study
the pair state |S(g), S(s)〉 = |66S1/2, 64S1/2〉. Due to the
fine structure splitting of the Rydberg P -states, this pair
is near resonant with two P -state pairs |65P1/2, 64P3/2〉
and |65P3/2, 64P1/2〉 [20]. Both |P (g), P (s)〉 pairs can be
tuned into resonance at electric fields  < 0.25 Vcm−1.
The full pair state Stark map in the presence of a mag-
netic field B = 1 G (Fig. 1c, gray lines) reveals a large
number of closely spaced resonances arising from the non-
degenerate (m
(g)
J ,m
(s)
J ) combinations. The strength of
individual resonances depends on the angle θ between
the interatomic axis and the quantization axis defined by
the external fields, resulting in a non-spherical blockade
volume [29]. We explore these resonances by measuring
the optical gain
G =
(
N¯no gates,out − N¯with gates,out
)
/N¯g,in, (1)
i.e., the mean number of source photons scattered by a
single incident gate photon [20], as a function of applied
electric field (Fig. 1c). Our high-resolution spectroscopy
indeed reveals four resonances, matching with the cal-
culated crossings of different pair state groups. In be-
tween resonances, the coupling of |S(g), S(s)〉 to multiple
|P (g), P (s)〉 pair states with positive and negative Fo¨rster
defects results in smaller blockade than in the zero-field
case. This interplay between different resonances ac-
tually decreases the measured gain with respect to the
field-free value. This situation does not occur for the
Fo¨rster resonance |50S1/2, 48S1/2〉 ↔ |49P1/2, 48P1/2〉 at
 = 0.710 Vcm−1 (Fig. 1d). For this state combination
there is one isolated resonance, resulting in the single
peak in the optical gain.
Rydberg polaritons near Fo¨rster resonance. To
quantitatively describe the observed resonances we in-
clude in the microscopic description of polariton prop-
agation [13, 14, 26] the special character of the inter-
action close to Fo¨rster resonance, see Supplementary
Note 1. For illustration, we consider the |50S1/2, 48S1/2〉
pair and angle θ = 0, which results in the selec-
tion rule ∆MJ = ∆m
(g)
J + ∆m
(s)
J = 0 for the mag-
netic quantum numbers of the involved states. We
then need to include four pair states: {|50S1/2, 48S1/2〉,
|49P1/2, 48P1/2〉, |48P1/2, 49P1/2〉,|48S1/2, 50S1/2〉} with
(m
(g)
J ,m
(s)
J ) = (
1
2 ,
1
2 ). In this basis, the interaction
3Hamiltonian reduces to
Hdd(r) =
1
r3
 0 C3 C
′
3 0
C3 0 0 C
′
3
C ′3 0 0 C3
0 C ′3 C3 0
 (2)
with two dipolar coupling parameters C3, C
′
3. Since
the interaction is dominated by the Fo¨rster resonance,
we neglect any residual van der Waals interactions.
In general, the Hamiltonian (2) gives rise to flip-
flop (hopping) processes of type |50S1/2, 48S1/2〉 →
{|49P1/2, 48P1/2〉 , |48P1/2, 49P1/2〉} → |48S1/2, 50S1/2〉.
However, for this choice of Rydberg states the dipolar
coupling parameters satisfy C3  C ′3, and therefore pro-
vide a strong suppression of hopping [49]. This behavior
is in contrast to the results in Ref. [47], where hopping
processes strongly influenced the interaction mediated
imaging of Rydberg excitations. In the experimentally
relevant regime with ω, γs, γp  Ω, γ, where ω is the
source photon detuning, while γs and γp describe the de-
coherence rates of |S(s)〉 and |P (s)〉 excitations, the equa-
tion describing a single polariton E(r, ω) and its interac-
tion with the gate Rydberg excitation |S(g)〉 at position
rj simplifies to(
ic∂r +
g2 (ω − iγs)
Ω2
+
g2V jef (r)
Ω2 − iγV jef (r)
)
E(r, ω) = 0(3)
as derived in our Supplementary Note 1. Here, g =
g0
√
nat is the collective coupling strength with g0 being
the single atom-photon coupling strength and nat is the
atomic density. The effective interaction V jef simplifies to
V jef (r) =
C23
∆D − ω − iγp
1
(r − rj)6 (4)
where ∆D is the Fo¨rster defect. It is remarkable that,
regardless of ∆D, our microscopic derivation provides an
effective interaction always based on van der Waals type
interaction.
For comparison with experiment, we generalize our cal-
culation to nonzero angles θ between the quantization
and interatomic axis as well as to the larger number of
states involved for the |66S1/2, 64S1/2〉 pair. We then in-
tegrate Eq. (3) over the cloud shape and average over the
stored spin-wave. We also take into account the Poisso-
nian statistics of the gate and source photons, the storage
efficiency, the fact that the blockade radius is comparable
to the beam waist, and the finite experimental resolution
in electric-field ∆ = ±2 mVcm−1, see Supplementary
Note 1. The comparison, without any free parameters,
with experimental results for the gain is shown in Fig. 1.
We find very good agreement for all electric fields except
very close to the resonances. One reason for the dis-
crepancy is the following: Close to the Fo¨rster resonance
and for distances on the order of rb between gate and
source, the atomic part of the polariton-excitation pair
initially in |50S1/2, 48S1/2〉 is converted into the super-
position of |49P1/2, 48P1/2〉 and |50S1/2, 48S1/2〉. This
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FIG. 2. Transistor gain and single Rydberg detec-
tion. Performance of the single-photon transistor on the
|50S1/2, 48S1/2〉 ↔ |49P1/2, 48P1/2〉 resonance. (a) Gain and
single Rydberg detection fidelity increase linearly with the
rate of incident source photons Rin in the nondestructive
range where the creation of stationary excitations from source
photons is negligible. Both the optical gain (a) and the single
Rydberg detection fidelity (a,b) are highly amplified on the
Fo¨rster resonance at  = 0.710 Vcm−1. The solid curves are
linear or Lorentzian fits to guide the eye. The error bars are
the standard error of the mean.
results in additional slowing down of the polariton, and,
consequently, an accumulation of polaritons close to rb.
Then, the assumption to study the propagation of indi-
vidual polaritons breaks down as the interaction between
the polaritons has to be included.
Resonant single photon transistor. Next, we in-
vestigate to what extent these Fo¨rster resonances can
be used to improve the Rydberg single photon tran-
sistor [19, 20]. We find that for this application, the
|50S1/2, 48S1/2〉 resonance is ideal. It enables large source
photon input rates, because of the relatively weak van
der Waals interaction between two source photons. On
the other hand, the Fo¨rster resonance provides sufficient
gate-source interaction to observe high transistor gain.
For source photon rate Rin = 35µs
−1 we reach a maxi-
mal gain of G = 200. At such high source rates we observe
small temporal changes in transmission which we at-
tribute to an accumulation of stationary Rydberg excita-
tions in the medium caused by dephasing of single source
polaritons. This effect has been previously observed for
Rydberg S-states [14] and differs from the interaction-
induced dephasing of D-state polariton pairs [50]. This
accumulation sets an upper limit on the source photon
rate for the non-destructive imaging of single Rydberg
excitations [45], since the creation of additional Rydberg
atoms also “destroys” the original system. We thus re-
strict our analysis in Fig. 2 to non-destructive source in-
put rates for which the maximum temporal change in
source transmission remains smaller than 10%. In this
regime, we observe a linear increase of the optical gain
with Rin both at zero electric field and on the Fo¨rster
resonance (Fig. 2a). Exploiting the Fo¨rster resonance we
45
10−2
2
5
10−1
2
S
to
ra
ge
an
d
re
tr
ie
va
l
effi
ci
en
cy
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Scattered source photons
0
N¯in
13.6
1
13.6
N¯
rb
in = 4.5
noise floor
 = 0Vcm−1
F˜0e−N¯in
F˜0e
−N¯rbin
F˜0e−N¯sc
 = 0.71Vcm−1
(a)
0
1
2
1
F
id
el
it
y
0 20 40
rb [µm]
(b)
Fp
Fs
F
FIG. 3. Transistor operation with retrieval of the gate
photon. (a) Efficiency of storing and reading out one single
gate photon versus the number of scattered source photons
during the storage time of 4.2µs. When plotted as func-
tion of scattered photons, the observed retrieval efficiencies
on Fo¨rster resonance ( ) and in zero field ( ) are identical. (b)
Calculated fidelity, i.e. the overlap between the initial gate
spin-wave state and the final state after the propagation of
a source photon through a one-dimensional Gaussian atomic
cloud. The fidelity is the sum of contributions from scattered
(short dashes) and transmitted (long dashes) source polari-
tons. The lines in (a) show the predicted decay of retrieval
efficiency using the full propagation model (solid blue line) as
well as different limiting cases (see main text for details).
can improve the optical gain by a factor > 2 on reso-
nance (blue dots) compared to the zero field case (blue
squares). The large number of source photons scattered
from a single gate excitation enables the single shot detec-
tion of a stored gate photon with high fidelity [18, 19, 51],
see Methods. In Fig. 2 we show this fidelity as a function
of the applied electric field for two source photon rates.
The Fo¨rster resonance enables a substantial increase of
the fidelity to a maximal value of F = 0.8. This num-
ber is mainly limited by the fact that our beam waist w0
is slightly larger than the gate-source blockade distance.
For spatially resolved Rydberg detection [45, 46], even
higher fidelities are possible using imaging systems with
better optical resolution than our beam size w0 = 6.2µm.
Single-photon transistor with gate photon read-
out. The improved gate-source interaction on Fo¨rster
resonance enables us for the first time to operate our tran-
sistor with retrieval of the stored gate photon after the
transistor operation [51]. To store the gate photon, we
stop the polariton inside the medium by ramping down
the control field Ωg to zero for δg = 0. Conversely, to
read out the gate photon, Ωg is turned on again. With-
out any source photon input between the storage and the
read-out, we measure a lifetime of 3.6µs for the atomic
coherence of the stored gate spin-wave, mainly limited by
the finite temperature of our atomic sample. Next, we ap-
ply a source pulse containing a mean number of photons
N¯in and pulse length T = 3.2µs during a storage time of
4.2µs. On Fo¨rster resonance, we achieve a mean number
of scattered source photons within this time of up to 2.7
photons for a single stored gate photon (Fig. 3a). This is
the first demonstration of a transistor with gain G > 2
and read-out, a fundamental step towards quantum cir-
cuits employing feedback and gain or the non-destructive
detection of the gate photon [52].
The overall fidelity of the transistor is limited by pro-
jection and dephasing of the gate spin-wave due to scat-
tered and transmitted source photons [51, 53]. In Fig. 3a
we show the absolute retrieval efficiency versus inci-
dent and scattered source photons at a mean number of
N¯g,in = 0.8 incident gate photons on and off the Fo¨rster
resonance. Interestingly, both cases collapse onto one ex-
ponential decay if plotted versus the number of scattered
source photons. The black curve in Fig. 3a assumes zero
retrieval fidelity for one or more scattered source photons.
The dotted line and the dashed line, on the other hand,
investigate the other hypothetic cases that the coherence
of the gate spin-wave is destroyed by one photon of N¯in
incident mean photons (dashed) and by one photon of
N¯rbin mean photons incident on the blockade sphere (dot-
ted) respectively. By applying established theory to our
data in the next section, we will show that both trans-
mitted photons and scattered photons contribute to the
coherence and thus to the retrieval efficiency of the stored
spin-wave.
Theory on coherent spin-waves. For more quan-
titative analysis we follow Ref. [53], considering a one-
dimensional model of the zero-field case for a single
source photon passing through the atomic cloud with
Gaussian density profile. The gate photon is stored in
the initial spin-wave state ρˆi and interacts with source
photons via the potential from Eq. (4). After the source
photon has left the atomic cloud the state of the atomic
ensemble is ρˆf , and the quantum mechanical fidelity
between the initial and final state is given by F =[
Tr|√ρˆi
√
ρˆf|
]2
= Fp + Fs [54]. Here, Fp accounts for
transmitted and Fs for scattered source polaritons. Both
contributions are shown in Fig. 3b as a function of the
blockade radius rb = (γC6/Ω
2)1/6 for our experimen-
tal parameters. For large blockade radii, Fp becomes
negligible because source photons are rarely transmit-
ted through the blockaded region. To describe the ex-
perimental 3D situation we average the fidelities from
Fig. 3b over the spatial transversal distribution of gate
and source photons. With this approach, we obtain the
blue solid line in Fig. 3a, which is in very good agreement
with our data, despite the simplifications of our model.
We consider this as evidence for the assumed mechanisms
for the spin-wave decoherence to be correct. By identi-
fying the decoherence mechanisms, we can isolate the
required improvements for a high-fidelity coherent Ry-
dberg transistor: The blockade volume of a single gate
excitation must be larger than the stored gate spin-wave
to avoid the projection, while the optical depth ODB in-
side the blockaded region must be large to prevent the
5dephasing due to transmitted photons. Meeting both
requirements simultaneously is challenging due to limits
on the atomic density because of Rydberg-ground state
interaction [18, 55].
DISCUSSION
Rydberg-mediated single-photon nonlinearities can be
greatly enhanced by electrically tuning adjacent pair
states to Fo¨rster resonance. By carefully choosing the
employed Fo¨rster resonance we have simultaneously im-
proved the Rydberg transistor gain and the fidelity
of single Rydberg atom detection. We identify the
|50S1/2, 48S1/2〉 ↔ |49P1/2, 48P1/2〉 resonance in 87Rb as
ideal both for the Rydberg single-photon transistor and
non-destructive imaging of Rydberg atoms [45, 46]. Ex-
ploiting this resonance, we have demonstrated the first
operation of the Rydberg transistor with read-out of the
gate photon. Our quantitative analysis of the reduction
of retrieval efficiency caused by source photons points the
way towards high-fidelity Rydberg-based photonic gates
and transistors. Our polariton propagation theory cor-
rectly accounts for the enhanced source-gate interaction
and is in excellent agreement with experiment. It also
reveals unexpected and rich properties close to Fo¨rster
resonances. This regime enables study of the transi-
tion from two- to many-body interaction and propaga-
tion with excitation hopping [47, 56]. The complexity of
the resonances due to the Rydberg level structure pro-
vides a wide range of tuning options. The gate-source
interaction can be reduced or even switched off between
individual resonances. Similarly, by addressing different
Zeeman pair state resonances with the external field the
angular dependence of the interaction can be greatly var-
ied. This provides a rich set of new tools for tailoring
the interaction of photons coupled to different Rydberg
states inside the medium.
METHODS
Preparation of the ultracold atomic sample. We
load 87Rb from a constant Rubidium background pres-
sure of 10−9 mbar atoms into a magneto-optical trap
(MOT). Simultaneously, a crossed optical dipole trap
(ODT) from a fiber laser at a wavelength of 1070 nm su-
perimposes the MOT and attracts atoms of both 52S1/2
hyperfine ground states (F = 1, 2). After 1 s of loading,
the MOT is compressed by ramping up the quadrupole
magnetic field by a factor of 8 during 40 ms followed by an
optical molasses phase of 5 ms, to maximize the number
of atoms loaded into the ODT. The intensity of the ODT
laser is ramped down within 200 ms to perform forced
evaporation yielding 2 × 104 atoms with a temperature
3 uK in a cigar shaped trapping potential with a 1/e half
length of L = 40µm and a radius of R = 10µm. Finally,
by shining in two pumping lasers, we transfer atoms from
the F = 1 state to the F = 2 state and optically pump
the population to the stretched state mF = 2.
Probing the optical nonlinearity. The gate excita-
tion and the source EIT are realized with four indepen-
dent laser systems, with the lower transition gate and
source photons (near-)resonant to the MOT transition
to achieve a maximum optical depth and thus highest
efficiency of single photon absorption. The upper tran-
sition is at 480 nm. All four laser beams are overlapped
on one axis with polarization optics and dichroic mirrors.
Achromatic lenses are used from both sides to focus and
collimate the laser beams. The transmitted source and
gate photons are coupled through single-mode fibers and
detected on commercial avalanche photodiodes. Taking
loss at optics and fiber coupling into account, photons in
the experiment are detected with an efficiency of 30%.
Data acquisition. To reduce the statistical error, we
average over multiple experiments. For instance, the data
points in Fig. 1 (c) are gathered during 23 transistor mea-
surements per MOT cycle. We measure at one electric
field during 20 MOT cycles. The same procedure is re-
peated for the reference measurement which contains no
gate photons. The fields are scanned in a triangular elec-
tric field scan which was repeated 15 times. That way,
systematic errors are suppressed. Additionally, by mon-
itoring the source transmission, we make sure that elec-
tric field drifts are negligible during the measurement. A
similar procedure was done to measure the data in Fig. 2,
but with yet another scan dimension, the source photon
rate.
Single Rydberg detection. The attenuation of
many source photons due to one gate photon (gain) is
used to predict the single shot existence of a gate Ryd-
berg excitation via the number of detected source pho-
tons. If a low number of source photons is detected,
probably a gate excitation was present which attenuated
the source. Likewise, if a high number of source photons
is detected, probably the gate excitation was absent. To
quantify the minimum probability of the correct predic-
tion (detection fidelity), we take two histograms of de-
tected source photons, with and without incident gate
photons respectively. With the knowledge of the storage
efficiency (60%) and the Poissonian statistics of the co-
herent gate photons (mean value N¯g = 1), it is possible
to separate the histogram with this mean gate photon in-
put into two histograms, one corresponding to the events
with no gate excitations present, and one with gate ex-
citations. With a discrimination line we set a threshold
value for the decision whether or not the excitation was
present. Any overlap of both histograms through this
line results in a fidelity F < 1.
Data availability. The data that support the findings
of this study are available from the corresponding author
upon request.
6∗ h.gorniaczyk@physik.uni-stuttgart.de
† s.hofferberth@physik.uni-stuttgart.de
[1] M. Saffman, T. G. Walker, and K. Mølmer, Rev. Mod.
Phys. 82, 2313 (2010).
[2] T. Wilk, A. Gae¨tan, C. Evellin, J. Wolters, Y. Miroshny-
chenko, P. Grangier, and A. Browaeys, Phys. Rev. Lett.
104, 010502 (2010).
[3] L. Isenhower, E. Urban, X. L. Zhang, A. T. Gill,
T. Henage, T. A. Johnson, T. G. Walker, and M. Saffman,
Phys. Rev. Lett. 104, 010503 (2010).
[4] H. Weimer, M. Mu¨ller, I. Lesanovsky, P. Zoller, and H. P.
Bu¨chler, Nature Phys. 6, 382 (2010).
[5] Y.-Y. Jau, A. M. Hankin, T. Keating, I. H. Deutsch, and
G. W. Biedermann, Nature Physics (2015).
[6] P. Schauß, M. Cheneau, M. Endres, T. Fukuhara, S. Hild,
A. Omran, T. Pohl, C. Gross, S. Kuhr, and I. Bloch,
Nature 491, 87 (2012).
[7] P. Schauß, J. Zeiher, T. Fukuhara, S. Hild, M. Cheneau,
T. Macr`ı, T. Pohl, I. Bloch, and C. Gross, Science 347,
1455 (2015).
[8] T. M. Weber, M. Ho¨ning, T. Niederpru¨m, T. Manthey,
O. Thomas, V. Guarrera, M. Fleischhauer, G. Barontini,
and H. Ott, Nature Physics 11, 157 (2015).
[9] A. W. Glaetzle, M. Dalmonte, R. Nath, C. Gross, I. Bloch,
and P. Zoller, Phys. Rev. Lett. 114, 173002 (2015).
[10] R. M. W. van Bijnen and T. Pohl, Phys. Rev. Lett. 114,
243002 (2015).
[11] I. Friedler, D. Petrosyan, M. Fleischhauer, and G. Kur-
izki, Phys. Rev. A 72, 043803 (2005).
[12] J. D. Pritchard, D. Maxwell, A. Gauguet, K. J. Weath-
erill, M. P. A. Jones, and C. S. Adams, Phys. Rev. Lett.
105, 193603 (2010).
[13] A. V. Gorshkov, J. Otterbach, M. Fleischhauer, T. Pohl,
and M. D. Lukin, Phys. Rev. Lett. 107, 133602 (2011).
[14] T. Peyronel, O. Firstenberg, Q. Liang, S. Hofferberth,
A. V. Gorshkov, T. Pohl, M. D. Lukin, and V. Vuletic´,
Nature 488, 57 (2012).
[15] Y. O. Dudin and A. Kuzmich, Science 336, 887 (2012).
[16] D. Maxwell, D. J. Szwer, D. Paredes-Barato, H. Busche,
J. D. Pritchard, A. Gauguet, K. J. Weatherill, M. P. A.
Jones, and C. S. Adams, Phys. Rev. Lett. 110, 103001
(2013).
[17] L. Li, Y. O. Dudin, and A. Kuzmich, Nature 498, 466
(2013).
[18] S. Baur, D. Tiarks, G. Rempe, and S. Du¨rr, Phys. Rev.
Lett. 112, 073901 (2014).
[19] H. Gorniaczyk, C. Tresp, J. Schmidt, H. Fedder, and
S. Hofferberth, Phys. Rev. Lett. 113, 053601 (2014).
[20] D. Tiarks, S. Baur, K. Schneider, S. Du¨rr, and
G. Rempe, Phys. Rev. Lett. 113, 053602 (2014).
[21] C. Tresp, C. Zimmer, I. Mirgorodskiy, H. Gorni-
aczyk, A. Paris-Mandoki, and S. Hofferberth, (2016),
1605.04456.
[22] V. Parigi, E. Bimbard, J. Stanojevic, A. J. Hilliard,
F. Nogrette, R. Tualle-Brouri, A. Ourjoumtsev, and
P. Grangier, Phys. Rev. Lett. 109, 233602 (2012).
[23] D. Tiarks, S. Schmidt, G. Rempe, and S. Du¨rr, Science
Advances 2 (2016), 10.1126/sciadv.1600036.
[24] O. Firstenberg, T. Peyronel, Q. Liang, A. V. Gorshkov,
M. D. Lukin, and V. Vuletic´, Nature 502, 71 (2013).
[25] J. Otterbach, M. Moos, D. Muth, and M. Fleischhauer,
Phys. Rev. Lett. 111, 113001 (2013).
[26] P. Bienias, S. Choi, O. Firstenberg, M. F. Maghrebi,
M. Gullans, M. D. Lukin, A. V. Gorshkov, and H. P.
Bu¨chler, Phys. Rev. A 90, 053804 (2014).
[27] K. Singer, J. Stanojevic, M. Weidemu¨ller, and R. Coˆte´,
Journal of Physics B: Atomic, Molecular and Optical
Physics 38, S295 (2005).
[28] A. Schwettmann, J. Crawford, K. R. Overstreet, and
J. P. Shaffer, Phys. Rev. A 74, 020701 (2006).
[29] T. G. Walker and M. Saffman, Phys. Rev. A 77, 032723
(2008).
[30] T. F. Gallagher and P. Pillet, in Advances in Atomic,
Molecular, and Optical Physics, Advances In Atomic,
Molecular, and Optical Physics, Vol. 56 (Academic Press,
2008) pp. 161 – 218.
[31] D. Comparat and P. Pillet, J. Opt. Soc. Am. B 27, A208
(2010).
[32] M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan,
D. Jaksch, J. I. Cirac, and P. Zoller, Phys. Rev. Lett. 87,
037901 (2001).
[33] K. Afrousheh, P. Bohlouli-Zanjani, D. Vagale, A. Mug-
ford, M. Fedorov, and J. D. D. Martin, Phys. Rev. Lett.
93, 233001 (2004).
[34] P. Bohlouli-Zanjani, J. A. Petrus, and J. D. D. Martin,
Phys. Rev. Lett. 98, 203005 (2007).
[35] T.Vogt, M. Viteau, J. Zhao, A. Chotia, D. Comparat,
and P. Pillet, Phys. Rev. Lett. 97, 083003 (2006).
[36] I. I. Ryabtsev, D. B. Tretyakov, I. I. Beterov, and V. M.
Entin, Phys. Rev. Lett. 104, 073003 (2010).
[37] A. Reinhard, K. C. Younge, T. C. Liebisch, B. Knuffman,
P. R. Berman, and G. Raithel, Phys. Rev. Lett. 100,
233201 (2008).
[38] A. Reinhard, K. C. Younge, and G. Raithel, Phys. Rev.
A 78, 060702 (2008).
[39] J. Nipper, J. B. Balewski, A. T. Krupp, B. Butscher,
R. Lo¨w, and T. Pfau, Phys. Rev. Lett. 108, 113001
(2012).
[40] J. Nipper, J. B. Balewski, A. T. Krupp, S. Hofferberth,
R. Lo¨w, and T. Pfau, Phys. Rev. X 2, 031011 (2012).
[41] J. H. Gurian, P. Cheinet, P. Huillery, A. Fioretti, J. Zhao,
P. L. Gould, D. Comparat, and P. Pillet, Phys. Rev. Lett.
108, 023005 (2012).
[42] S. Ravets, H. Labuhn, D. Barredo, T. Lahaye, and
A. Browaeys, Phys. Rev. A 92, 020701 (2015).
[43] B. Pelle, R. Faoro, J. Billy, E. Arimondo, P. Pillet, and
P. Cheinet, Phys. Rev. A 93, 023417 (2016).
[44] I. I. Beterov and M. Saffman, Phys. Rev. A 92, 042710
(2015).
[45] G. Gu¨nter, M. Robert-de-Saint-Vincent, H. Schempp,
C. S. Hofmann, S. Whitlock, and M. Weidemu¨ller, Phys.
Rev. Lett. 108, 013002 (2012).
[46] B. Olmos, W. Li, S. Hofferberth, and I. Lesanovsky,
Phys. Rev. A 84, 041607 (2011).
[47] G. Gu¨nter, H. Schempp, M. Robert-de Saint-Vincent,
V. Gavryusev, S. Helmrich, C. S. Hofmann, S. Whitlock,
and M. Weidemu¨ller, Science 342, 954 (2013).
[48] R. Lo¨w, H. Weimer, J. Nipper, J. B. Balewski,
B. Butscher, H. P. Bu¨chler, and T. Pfau, Journal of
Physics B: Atomic, Molecular and Optical Physics 45,
113001 (2012).
[49] A. Paris-Mandoki, H. Gorniaczyk, C. Tresp, I. Mirgorod-
7skiy, and S. Hofferberth, Journal of Physics B: Atomic,
Molecular and Optical Physics 49, 164001 (2016).
[50] C. Tresp, P. Bienias, S. Weber, H. Gorniaczyk, I. Mir-
gorodskiy, H. P. Bu¨chler, and S. Hofferberth, Phys. Rev.
Lett. 115, 083602 (2015).
[51] W. Chen, K. M. Beck, R. Bu¨cker, M. Gullans, M. D.
Lukin, H. Tanji-Suzuki, and V. Vuletic´, Science 341, 768
(2013).
[52] A. Reiserer, S. Ritter, and G. Rempe, Science 342, 1349
(2013).
[53] W. Li and I. Lesanovsky, Phys. Rev. A 92, 043828 (2015).
[54] A. Uhlmann, Reports on Mathematical Physics 9, 273
(1976).
[55] A. Gaj, A. T. Krupp, J. B. Balewski, R. Loew, S. Hof-
ferberth, and T. Pfau, Nature Comm. 5, 4546 (2014).
[56] W. Li, D. Viscor, S. Hofferberth, and I. Lesanovsky,
Phys. Rev. Lett. 112, 243601 (2014).
END NOTES
Acknowledgements. We thank Johannes Schmidt
for construction of the electric field control, Sebastian
Weber for calculation of Rydberg potentials, and Chris-
tian Zimmer for contribution to the experiment. This
work is funded by the German Research Foundation
through Emmy-Noether-grant HO 4787/1-1 and within
the SFB/TRR21. H.G. acknowledges support from the
Carl-Zeiss Foundation. I.L. acknowledges funding from
the European Research Council under the European
Union’s Seventh Framework Programme (FP/2007-2013)
/ ERC Grant Agreement No. 335266 (ESCQUMA),
the EU-FET Grant No. 512862 (HAIRS), the H2020-
FETPROACT-2014 Grant No. 640378 (RYSQ), and EP-
SRC Grant No. EP/M014266/1. W.L. is supported
through the Nottingham Research Fellowship by the Uni-
versity of Nottingham and acknowledges access to the
University of Nottingham HPC Facility.
Author Contributions. The experiment was con-
ceived by H.G., C.T., and S.H. and carried out by H.G.,
C.T., A.P.M., and I.M.; data analysis was done by H.G.,
A.P.M. and C.T.; theory models and calculations were
contributed by P.B., W.L., H.P.B., and I.L.; H.G. and
S.H. wrote the manuscript with contributions from all
authors.
Additional information. Correspondence and re-
quests for materials should be addressed to H. G. or S. H.
Competing financial interests. The authors de-
clare no competing financial interests.
8I. SUPPLEMENTARY NOTE 1: PHOTON PROPAGATION IN THE PRESENCE OF A RYDBERG
EXCITATION
For the sake of simplicity we explain our general method explicitly considering the |50S1/2, 48S1/2〉 pair state
and angle θ = 0 between the interatomic axis and the quantization axis. Our model system is a one-dimensional
gas of atoms, whose electronic levels are given in Fig. 1(b) in the main text. The photon field Eˆ(z) resonantly
couples the groundstate |g〉 with the excited state |e〉, while 2Ω denotes the Rabi frequency of the control laser
field coupling the |e〉 state with the Rydberg state |S(s)〉. Following Ref. [1–3], we introduce operators Pˆ †(z) and
Sˆ†(z) which generate the atomic excitations into the |e〉 and |S(s)〉 states, respectively, at position z. In addition,
comparing to Ref. [1–3] we include a more complex atomic level structure of the source and the gate excitations by
defining Pˆ†(z), Zˆ†(z) and Bˆ†(z) which create excitations into |P (s)〉, |S(g)〉 and |P (g)〉 states, respectively. All the
operators Oˆ(z) ∈ {Eˆ(z) , Pˆ (z) , Sˆ(z) , Pˆ(z) , Zˆ(z) , Bˆ(z)} are bosonic and satisfy the equal time commutation relation,
[Oˆ(z), Oˆ†(z′)] = δ(z − z′).
The microscopic Hamiltonian describing the propagation consists of three parts: Hˆ = Hˆp + Hˆap + Hˆa. The first
term describes the photon propagation in the medium and is defined as
Hˆp = −ic
∫
dzEˆ†(z)∂zEˆ(z), (5)
with the speed of light in vacuum c, and we set ~ = 1 throughout this work. The atom-photon coupling is described
by
Hˆap =
∫
dz
[
gEˆ(z)Pˆ †(z) +ΩSˆ†(z)Pˆ (z) + gPˆ (z)Eˆ†(z) +ΩPˆ †(z)Sˆ(z)
− iγPˆ †(z)Pˆ (z)− iγsSˆ†(z)Sˆ(z)− iγpPˆ†(z)Pˆ(z)
]
, (6)
where 2γ is the decay rate of the e-level, while g is the collective coupling of the photons to the matter. The interaction
between Rydberg levels is described by
Hˆa =
∫
dz′
∫
dz
[
Pˆ†(z)B†(z′)V (z − z′)Zˆ(z′)Sˆ(z) + ∆D
2
Pˆ†(z)Bˆ†(z′)Bˆ(z′)Pˆ(z) + H.c.
]
, (7)
where V (z) = C3/z
3 is the dipolar interaction potential and ∆D the Fo¨rster defect. Note, that for the experimental
parameters C3  C ′3 and therefore it is sufficient to include in the interaction Hamiltonian only the C3/z3 coupling
term. In addition, it follows that hopping of excitations is quenched, and therefore the |S(g)〉 excitation is at a
fixed position. Then, the description of a single photon propagation requires four components of the wave function:
EZ(z, t), PZ(z, t), SZ(z, t) and PB(z, t), which denote the probability of finding the source excitation in E , |e〉 , |S(s)〉
or |P (s)〉 state at position z and the gate excitation in |S(g)〉 or |P (g)〉 state at the position zj . The Schro¨dinger
equation reduces to
∂tEZ(z, t) = −c∂zEZ(z, t)− igPZ(z, t), (8)
∂tPZ(z, t) = −γPZ(z, t)− igEZ(z, t)− iΩSZ(z, t), (9)
∂tSZ(z, t) = −γsSZ(z, t)− iVj(z)PB(z, t)− iΩPZ(z, t), (10)
∂tPB(z, t) = −γpPB(z, t)− iVj(z)SZ(z, t)− i∆DPB(z, t), (11)
where Vj(z) = V (z − zj). We solve the above set of coupled equations (8-11) via Fourier transform in time, which
leads to the equation for the photon field:−ic∂r − g2
(
V jef (r)− ω − iγs
)
−iγω + (γ − iω)γs − ω2 +Ω2 − V jef (r)(ω + iγ)
− ω
 EZ(r, ω) = 0, (12)
with
V jef (r) =
C23
∆D − ω − iγp
1
(r − rj)6 . (13)
In the limit of γs, γp  Ω, γ, these expressions simplify to the equations (3) and (4) from the main part of the
manuscript.
9The equation for the E-field can be generalized to the second pair of states |66S1/2, 64S1/2〉 by redefining the
expression for V jef (r) to
V jef (r) =
∑
α
C23,α
∆αD − ω − iγp
1
(r − rj)6 (14)
where we sum over all relevant pairs of states α, which for θ = 0 are
α ∈{|65P1/2,mJ = 1/2, 64P3/2,mJ = 1/2〉 , |65P1/2,mJ = −1/2, 64P3/2,mJ = 3/2〉 ,
|65P3/2,mJ = 1/2, 64P1/2,mJ = 1/2〉 , |65P3/2,mJ = 3/2, 64P1/2,mJ = −1/2〉}.
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